New Findings r What is the central question of this study?
Introduction
Stroke is a major public health concern, and more than three-quarters of a million people in the USA have a stroke every year (Mozaffarian et al. 2015) . An ischaemic stroke is not only a brain event, but the actions of a stroke, namely the altered immune and cytokine response to the stroke event, extends systemically in the blood circulation. Indeed, acute CNS injury has long been associated with myocardial injury and dysfunction (Norris et al. 1979) . Such peripheral actions of the stroke may well result in long-term post-stroke complications, affecting post-stroke recovery.
The aorta plays a significant role in delivering blood from the left ventricle to the organs and tissues, and cushions the spurts of blood from the heart to distribute the blood as steady continuous flow to the microcirculation. Although it is well known that pre-existing large artery damage (i.e. increased arterial stiffness and carotid intima thickness) are predictors of a stroke event (Laurent et al. 2003; Protopsaltis et al. 2009) , clinical data also suggest that in ischaemic stroke, a lower aortic stiffness post-stroke is associated with early favourable outcomes, which are independent of other known prognostic risk factors (Gąsecki et al. 2012a, b) .
Aortic function is dependent, in part, on the regulation of the endothelium. It is well known that the endothelium in the cerebral vessels is significantly impaired post-stroke (Rosenblum & Wormley, 1995; Rosenblum, 1997) . Furthermore, the actions of the immune system during the stroke event are involved in the process of stroke-associated cerebral vascular dysfunction (del Zoppo, 2010) . The majority of previous studies have focused on stroke-related cerebral vascular dysfunction, and stroke-related peripheral and conduit vascular dysfunction has not been well studied. Both preclinical and clinical evidence indicate that disruption of the peripheral immune system is associated with the cause, severity and outcome of stroke (Offner et al. 2006; Dirnagl et al. 2007; Muir et al. 2007) . Also, recent clinical and preclinical studies have suggested that impaired vascular reactivity in the posterior cerebral, middle cerebral and mesenteric arteries is caused by circulating factors specific to stroke (Cipolla et al. 2011; Palomares et al. 2012; Canavero et al. 2016) . Although these data provide insights into the mechanisms of stroke-associated impaired general vascular reactivity, the source(s) of these circulating factors is not well understood. The development of the post-stroke inflammatory response is thought to involve sequential events mediated by the brain, the circulatory system and the lymphoid organs (Anrather & Iadecola, 2016; Petrovic-Djergovic et al. 2016) . In the acute phase of ischaemic stroke, activation of the innate immune response results in elevated C-reactive protein and the expression of cytokines in blood (Emsley et al. 2003; Offner et al. 2006) . It is thought that local leucocyte recruitment plays an important role in the initiation of leucocyte extravasation after stroke (del Zoppo et al. 1991; Yilmaz & Granger, 2010) . This increased response of circulating leucocytes may influence aortic function. How changes in circulating leucocyte activity may affect aortic function has not been extensively studied. Therefore, the purpose of this study was to determine whether leucocytes incubated with serum from stroke patients affect aortic function. We hypothesized that stroke-induced circulating factors trigger leucocyte-dependent aortic endothelial dysfunction that is associated with elevated cytokine production in peripheral immune cell populations.
Methods

Ethical approval
The following human study was carried out in accordance with the latest version of the Declaration of Helsinki, apart from registration in a database. The human research described in the following sections was approved by the West Virginia University Health Science Center Institutional Review Board (approval no. 1410450461R001). Written, informed consent was obtained from all participants or their authorized representatives.
All animal care and experimental procedures were approved by the West Virginia University Institutional Animal Care and Use Committee (approval no. 13-0202) and were in compliance with the Physiological Society's policy on animal experimentation and the Guide for the Care and Use of Laboratory Animals (Grundy, 2015) .
Experimental design
In order to explore stroke-related aortic dysfunction within the context of the stroke-induced peripheral inflammatory environment, rat aortic rings were incubated with pooled serum samples obtained from 12 acute ischaemic stroke (AIS) patients and 12 well-matched neurologically asymptomatic control subjects, in both the presence and the absence of total leucocytes obtained from the peripheral blood of six healthy donors. Following incubation, ex vivo rat aortic reactivity was assessed via myograph and endothelial oxidative stress was determined via dihydroethidium staining. Furthermore, to gain insight regarding the effects of the post-stroke peripheral environment on leucocyte production of inflammatory factors, leucocyte-derived cytokines were quantified in cell culture supernatants via immunoassay after 1, 3 and 6 h of stimulation.
Patients
Acute ischaemic stroke patients and age-matched control subjects were recruited at Ruby Memorial Hospital (Morgantown, WV, USA). The diagnosis of AIS was confirmed by either magnetic resonance imaging or computed tomography according the established criteria for diagnosis of acute ischaemic cerebrovascular syndrome as determined by an experienced neurologist (Kidwell & Warach, 2003) . Control subjects were deemed neurologically normal, and stroke severity was determined by trained neurologists according to the National Institutes of Health Stroke Scale (NIHSS). Clinical and demographic information was collected by clinicians as part of routine patient history.
Clinical blood sampling and serum isolation
Venous blood samples were obtained from patients on admission to the emergency department, and the average time from symptom onset to blood sampling was 10.1 ± 2.2 h, as determined by the time patients were last known to be free of neurological symptoms. Samples were collected via serum separator tubes (Becton Dickinson, East Rutherford, NJ, USA) and centrifuged at 2000g for 10 min to isolate serum. Serum samples were aliquoted and stored at −80°C until experiments were performed.
Leucocyte isolation
Total leucocytes were isolated from the peripheral venous blood of three male and three female healthy donors (mean ± SD age 24 ± 3 years) via red blood cell lysis. Briefly, EDTA-treated whole blood was diluted 1:10 with ammonium chloride buffer (Gibco, Long Island, NY, USA) for 8 min to lyse red blood cells. The resultant total leucocyte population was collected via centrifugation at 400g. A second spin at 200g was performed for 8 min to limit platelet contamination. Viability of leucocytes was confirmed via Trypan Blue (Gibco) before plating for experiments.
Vessels from animals
Male Sprague-Dawley rats (300-400 g) were purchased from Harlan Laboratories (now Envigo Laboratories, Indianapolis, IN, USA) and housed for 1 week to allow acclimation before the initiation of any experiments. Animals were housed two to a cage with 12 h-12 h dark-light cycles at 25°C. Food and water were provided ad libitum. For the vascular reactivity experiments, rats were deeply anaesthetized by injection of sodium pentobarbital (40-80 mg kg −1 I.P.). After induction of anaesthesia, animals were killed by bilateral pneumothoracotomy, and the heart and aorta were gently removed and immediately placed in ice-cold Hepes-buffered physiological saline solution containing (mM): 135 NaCl, 5 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 glucose, 10 Hepes and 5 Tris (pH 7.4) supplemented with antibiotics (100 U ml −1 penicillin G, 100 μg ml −1 streptomycin and 0.25 μg ml −1 amphotericin B; Mediatech Inc., Herndon, VA, USA). The aortic rings were sectioned into 2-3 mm lengths and kept in ice-cold buffer with antibiotic until experiments were performed.
Co-culture system
For co-culture experiments, equal numbers of total leucocytes were plated on the bottom of a 12-well transwell culture dish (Corning Costar Corp., Cambridege, MA, USA). Rat aortic rings were placed on the transwell inserts that were suspended in the wells, with or without total leucocytes in the bottom well (Fig. 1A ) in RPMI 1640 medium (ThermoFisher Scientific, Waltham, MA, USA) supplemented with antibiotics and 10% of the serum from control and stroke patients. The experimental groups were as follows: (i) serum from control subjects with total leucocytes; (ii) serum from stroke patients with total leucocytes; (iii) serum from control subjects without total leucocytes; and (iv) serum from stroke patients without total leucocytes. The co-culture system was maintained at 37°C in an atmosphere containing 95% ambient air and 5% CO 2 at saturated humidity.
Isometric tension recording
After the 6 h of incubation in the co-culture system, ex vivo vascular reactivity was measured by myograph as previously described (Stanley et al. 2014; Asano et al. 2015) . Briefly, aortic rings were mounted on two stainless-steel pins in glass organ baths containing bicarbonate-buffered physiological saline solution containing (mM): 130 NaCl, 4.7 KCl, 1.18 KH 2 PO 4 , 1.17 MgSO 4 , 14.9 NaHCO 3 , 5.5 glucose, 0.026 EDTA and 1.6 CaCl 2 . The bath was oxygenated with 95% O 2 plus 5% CO 2 to maintain pH 7.4, and temperature was maintained at 37°C. The contents of the baths were changed every ß30 min throughout the experiment, and three to five washes were performed between the dose-response experiments. Isometric tension was continuously recorded using a force displacement transducer (World Precision Instruments, Sarasota, FL, USA) to a Transbridge Transducer Amplifier (World Precision Instruments). The data were digitized at 100 Hz and stored using LabScribe (iWORx, Dover, NH, USA).
Aortic rings were stretched in a stepwise manner to reach an optimal tension (1.4-1.6 g; separately determined by response to 80 mM KCl at 200 mg passive tension for each step). After a 2 h equilibration period, vessel viability was determined using 80 mM KCl, and endothelial function was confirmed with methacholine (MCh; 10 −6 M). The endothelium-dependent dilatation was determined by measuring the tension in response to the cumulative addition of MCh (from 10 −9 to 10
and endothelium-independent dilatation was assessed by sodium nitroprusside (SNP) dose-response (from 10 −9 to 10 −5 M) after preconstriction with phenylephrine (10 
Histology and oxidative fluorescent microscopy
Dihydroethidium (DHE) was used to estimate vascular superoxide as described previously (Wind et al. 2010) . Briefly, aortic rings were serially sectioned (10 μm) using a cryostat and collected on poly-L-lysine-coated slides. Sections were washed with PBS and incubated with 10 μM DHE (Thermo Fisher Scientific, Waltham, MA, USA), an oxidative fluorescent dye, for 30 min at 37°C in a light-protected, humidified chamber. After washing three times with PBS, nuclei were stained with 4 ,6-diamidino-2-phenylindole (DAPI) Vectashield R mounting medium (Vector Laboratories, Burlingame, CA, USA). Samples were visualized under fluorescence using an epi-fluorescence microscope (Nikon, Inc., Melville, NY, USA), and images were obtained using a SPORT RT camera (Diagnostic Instruments, Sterling Height, MI, USA). The intensity of DHE-stained nuclei was determined by the pixel intensity per the number of nuclei for aortic rings. Two to three images from five different aortic rings from each group were analysed using ImageJ software (National Institutes of Health, Bethesda, MD, USA) by blinded observers. The intensity value in arbitrary units (a.u.) was normalized to the control group. Mean values from five aortic rings from each group were used for further analysis.
Measurement of cytokines in co-culture media
In separate experiments, the concentrations of 10 different cytokines, namely interferon-γ, interleukin (IL)-10, IL-12p70, IL-13, IL-1β, IL-2, IL-4, IL-6, IL-8 and tumour necrosis factor (TNF)-α, was determined with a V-PLEX pro-inflammatory panel 1 (human) kit (Meso Scale Discovery, Gaithersburg, MD, USA) according to the manufacturer's instructions. Briefly, total leucocytes were isolated and plated on 96-well dishes as described above. Cells were cultured with 10% control or stroke patients' serum and incubated at 37°C in an atmosphere with saturated humidity containing 95% ambient air and 5% CO 2 for 1, 3 or 6 h. Control and stroke patients' serum without total leucocytes were used as negative control groups. After the incubation, the medium was collected and centrifuged at 300g for 5 min at 4°C, after which the supernatant was transferred to a new tube. Subsequently, the tube was centrifuged at 20,000g for 5 min at 4°C. The cell-free conditioning medium was stored at −80°C until the analysis.
Statistical analysis
Data are presented as the mean ± SD as described in the text and figure legends unless otherwise stated. For patients' demographic data, contingency tables were created, and the frequencies in the groups were analysed using the χ 2 test. All other parametric statistical comparisons were made using Student's unpaired or paired t tests, one-or two-way ANOVA with Bonferroni post hoc tests as appropriate using GraphPad Prism (GraphPad Software, San Diego, CA, USA). A value of P < 0.05 was considered as significant.
Results
Demographics and clinical features of patients
Demographic and clinical characteristics of patients are shown in Table 1 . The age of the subjects was 68 ± 13 and 64 ± 3 years for stroke and control groups, respectively (P = 0.20). The number of subjects who were current cigarette smokers and/or taking medication for diabetes was statistically higher in the stroke group (P < 0.05); however, there were no statistically significant differences in the other variables assessed (Table 1) .
Serum from stroke patients impairs vascular endothelial function with leucocytes
The schematics of the co-culture experimental settings are shown in Fig. 1A . A pilot study of 1, 3 and 6 h incubation time points showed no impairment in endothelium-dependent dilatation at 1 and 3 h S. Asano and others post-incubation (data not shown). After 6 h of incubation, ex vivo rat aortic reactivity was assessed by isometric tension. Compared with the aortic rings treated with control serum, aortic relaxation to MCh was significantly impaired in aortic rings treated with stroke patients' serum when leucocytes were present ( Fig. 1B ; P < 0.05). The levels of maximal MCh-induced dilatation from aortic rings were 85 ± 13 and 50 ± 30% in control serum with total leucocytes and stroke serum with total leucocytes, respectively ( Fig. 1B; P < 0.05) . Interestingly, there were no significant differences in aortic reactivity to MCh when leucocytes were absent in control and stroke groups ( Fig. 1B ; maximal MCh-induced dilatation, 77 ± 7 and 91 ± 6%, respectively). In contrast, the smooth muscle relaxation response confirmed by SNP was not different among the groups ( Fig. 1C ; maximal SNP-induced dilatation, 96 ± 6, 108 ± 12, 98 ± 12 and 103 ± 7% for control serum with total leucocytes, stroke serum with total leucocytes, control serum without total leucocytes and stroke serum without total leucocytes, respectively). Consistent with our aortic reactivity experiments with total leucocytes plus stroke serum, the amount of oxidative stress damage, confirmed by DHE staining, was significantly elevated ( Fig. 2A and B; 1.00 ± 0.38 versus 2.36 ± 1.2 a.u.; P < 0.05), whereas it was not different in control or stroke serum without B, quantitative data indicated that the dihydroethidium intensity was significantly increased in aortic rings treated with stroke serum plus leucocytes. * P < 0.05 versus others by one-way ANOVA (means ± SD, n = 5).
total leucocytes (0.89 ± 0.41 versus 1.06 ± 0.60 a.u.). Taken together, these data suggest that incubation with stroke patients' serum results in leucocyte-dependent impairment in aortic endothelium-mediated dilatation accompanied by elevated markers of oxidative stress.
Serum from stroke patients induced cytokine release
To evaluate further whether leucocytes drive aortic dysfunction, control and stroke patients' serum incubation experiments with and without total leucocytes were performed to assess the pro-inflammatory cytokines released from total leucocytes. Consistent with our data showing leucocyte-dependent aortic dysfunction, we found that total leucocyte-derived interferon-γ, IL-10, IL-12p70, IL-2, IL-6, IL-8 and TNF-α were significantly increased by stroke serum stimulation compared with the control serum stimulation at the 3 and 6 h time points ( Fig. 3 ; P < 0.05). In contrast, IL-13 and IL-4 concentrations were not different between control and stroke groups, and IL-1β concentrations were below lower limits of quantification at all time points (data not shown). Without total leucocytes, no changes were observed throughout the 6 h time periods or the analyte concentrations were below lower limits of quantification at all time points in all cytokines (data not shown).
Discussion
The purpose of this study was to gain insight into the possible roles of total peripheral leucocytes with stroke in aortic endothelial dysfunction. In this study, we tested the hypothesis that stroke serum-induced circulating factors trigger leucocyte-dependent aortic endothelial dysfunction by promoting excessive pro-inflammatory cytokine production in peripheral immune cell populations. In order to test this hypothesis, we used serum from stroke patients, circulating total leucocytes and rat aortic rings in the co-culture system. Our data indicated that aortic endothelium-dependent dilatation was impaired in stroke patients' serum with peripheral total leucocytes, whereas it was not impaired in the control or stroke serum-treated groups without peripheral total leucocytes (Fig. 1) . This leucocyte-dependent aortic endothelial dysfunction was associated with increased oxidative stress levels (Fig. 2) . Importantly, additional data provided evidence that significant elevation of pro-inflammatory cytokines from peripheral total leucocytes stimulated with serum from stroke patients for 3 and 6 h, but not with the serum from aged-matched control subjects (Fig. 3) . To our knowledge, this is the first evidence directly linking the stroke patients' serum-induced leucocyte-dependent aortic endothelial dysfunction.
Stroke serum-induced cytokines from circulating peripheral leucocytes are responsible for aortic endothelial dysfunction
Several studies have demonstrated that circulating factors may contribute to cerebral and mesenteric vascular dysfunction with elevated oxidative stress levels after stroke events (Maneen et al. 2006; Palomares et al. 2012; Canavero et al. 2016) . Whether stroke serum can impair aortic reactivity has not been investigated. We observed aortic endothelial dysfunction when vessels were stimulated with serum from stroke patients. Our data are consistent with these previous findings that stroke-related cerebral and peripheral vascular dysfunction is associated with altered circulating factors. Furthermore, our data have added to these previous findings of others by showing that the peripheral circulating leucocytes may be in part responsible for the elevated cytokine concentrations after stroke. After the incubation with serum from stroke patients, peripheral circulating leucocytes produced a range of cytokines that created massively pro-inflammatory environments in our in vitro co-culture experiments (Fig. 3) . This was associated with impaired endothelium-dependent dilatation in aortic rings that were co-cultured with total leucocytes (Fig. 1) . Cytokines play a crucial role in altered vascular reactivity (Vila & Salaices, 2005) . Specifically, impaired endothelium-dependent vascular reactivity is associated with TNF-α, IL-6 and IL-10 ( Iversen et al. 1999) . Likewise, our data indicated that total leucocytes incubated with serum from stroke patients significantly increased TNF-α, IL-6 and IL-10 concentrations, which are associated with aortic endothelium-mediated dilatation. The lack of change in cytokine concentrations in stroke patients' serum without total leucocytes in the co-culture medium suggested that total leucocyte-derived cytokines might be responsible for the aortic endothelial dysfunction we observed. Interestingly, no changes in IL-1β were observed in any group. An increased IL-1β concentration has been reported after stroke (Lambertsen et al. 2012) , and augmented rat aortic constriction was reported after the incubation with IL-1β (Vicaut et al. 1996) . We speculate that circulating leucocytes might not be responsible for the stroke-associated increased IL-1β, but other sources (resident macrophages) are potentially involved. To support this, a recent animal study demonstrated that IL-1β is largely secreted from local activated microglia and resident macrophages after stroke (Clausen et al. 2008) .
Role of leucocytes in vascular reactivity in stroke
There is a large amount of literature on the role of circulating leucocytes in vascular inflammation. The sequence of events after stroke that link inflammation to increased vascular permeability is becoming increasingly in the conditioned medium from total leucocytes treated with control subjects' and stroke patients' serum were analysed by immunoassay. * P < 0.05 versus corresponding control time point by two-way repeated ANOVA (means ± SD, n = 6).
understood (del Zoppo et al. 2000; Jickling et al. 2015) . Both animal and human proteomic profiling data also suggest that vascular inflammation is the key factor in stroke-related blood-brain barrier dysfunction (Haqqani et al. 2007; Lu et al. 2008; Ning et al. 2011) . In contrast, there is little evidence to suggest that peripheral circulating leucocytes can influence vascular reactivity after a stroke. A recent study using flow-mediated dilatation of the brachial artery demonstrated that the leucocyte count is associated with reduced endothelial reactivity (Elkind et al. 2005) . Furthermore, a preclinical study demonstrated that subarachnoid haemorrhage-related impairment of cerebral microvascular reactivity was associated with neutrophil recruitment, and a neutrophil target therapy rescued stroke-associated impaired cerebrovascular reactivity (Xu et al. 2015) . In our study, aortic rings incubated with stroke patients' serum without total leucocytes were able to respond to MCh, whereas aortic rings incubated with stroke patients' serum plus total leucocytes showed an impaired MCh response. This suggests an abnormal endothelium-dependent dilatation. Based on our cytokine data, massive releases of pro-inflammatory cytokines from total leucocytes could explain the observed impairment of vascular reactivity. The data obtained for aortic rings cannot be extrapolated to other vessels; however, assessment of aortic reactivity allows a test of the concept of leucocyte-dependent impairment of vascular reactivity. It is noteworthy that stroke-associated cerebrovascular reactivity will be complex because of the summation of multiple vascular regulation mechanisms, including myogenic, endothelial and metabolic inputs.
Study limitations
Several potential limitations to the present study need to be addressed. Based on our in vitro co-culture experiments, it is clear that leucocytes from healthy subjects can mediate stroke serum-induced aortic endothelial dysfunction in normal Sprague-Dawley rat aorta. Nonetheless, we cannot rule out the possibility that the responses of leucocytes from older subjects or the presence of other pathological conditions could yield different results. Indeed, in vivo studies by Heistad and colleagues have shown that the presence of vascular diseases (e.g. atherosclerosis) greatly affects the vascular response to leucocytes (Lopez et al. 1989; Faraci et al. 1991; Padgett et al. 1992) . Depending on the pre-existing morbidity, the degree of systemic altered inflammatory agents created by circulating leucocytes may vary. Indeed, ageing and diabetes are independently associated with chronically elevated low-grade inflammation, and the combination of these chronic conditions exacerbates vascular inflammation (Assar et al. 2016) . Thus, an existing pro-inflammatory environment plus an increased stroke-associated pro-inflammatory response could augment impairment of aortic function in comparison to young individuals who have experienced a stroke. Furthermore, it is possible that stroke-associated altered tissue resident leucocytes (i.e. microglia, Kupffer cells) could contribute to systemic inflammation with vasomotor abnormalities. Finally, stroke patients may already possess impaired aortic endothelial dysfunction. This existing vascular dysfunction could influence responses to external stimulators (i.e. neurovascular, immuno-vascular responses or other humoral factors). We selected healthy leucocytes and aortic rings to demonstrate that leucocytes mediate stroke-associated aortic endothelial dysfunction in order to reduce the complexity of the study. Next, our data do not specify which type of peripheral circulating leucocyte (i.e. neutrophil, monocyte or lymphocyte) is responsible for this cytokine-induced cytokine release. It is beyond the scope of the present study; however, it is important to determine (i) the effect of pre-existing conditions on how diseased/aged leucocytes would respond to stroke serum and (ii) which subpopulation(s) of leucocytes is responsible for the cytokine-induced cytokine release. Further studies are required to determine the more specific mechanisms.
Finally, although our data clearly demonstrate stroke serum-induced aortic endothelial dysfunction with cytokine elevation, serum samples from a relatively small number of stroke patients were pooled for this study. Based on our patient demographic data, the stroke group was statistically different in the categories of current smoking and current use of diabetic medication (Table 1) . It is important to note that cigarette use is a factor well known to influence immune function (Stämpfli & Anderson, 2009) , and some diabetes-related medications, such as metformin, are associated with decreased inflammation (Martin-Montalvo et al. 2013) . However, the serum samples from each group were well matched except for these two categories.
In conclusion, data from the present study demonstrate a leucocyte-dependent mechanism of aortic endothelial dysfunction in stroke. These observations support the concept that the peripheral leucocyte drives the development of impaired aortic vascular reactivity with stroke. As such, attenuating cytokine release from the peripheral leucocytes might prevent stroke-associated impairment in vascular reactivity.
